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ABSTRACT 

I n  an a tmosphere  of o n l y  e x p o n e n t i a l  d e n s i t y  v a r i a t i o n  
w i t h  he igh t ,  c o n t r o l  moment gy ros  can  m a i n t a i n  a symmet r i ca l  
s p a c e c r a f t  i n  t h e  i n e r t i a l  o r i e n t a t i o n  w i t h o u t  b i a s  momentum 
accumula t ion  and t h e  a t t e n d a n t  e x p e n d i t u r e  o f  RCS p r o p e l l a n t .  
A t  a l t i t u d e s  o f  i n t e r e s t  f o r  t h e  AAP-3/AAP-4 m i s s i o n ,  however,  
t h e  a t m o s p h e r i c  d e n s i t y  i s  "bulged" towards  t h e  sun  and a 
small b ias  momentum w i l l  b e  accumula ted  i n  t h e  C M G ' s  w i t h  e a c h  
o r b i t .  T h i s  momentum accumula t ion  w i l l  be i n  a d d i t i o n  t o  t h a t  
r e s u l t i n g  f rom t h e  g r a v i t a t i o n a l  t o r q u e s  on t h e  non-symmetr ical  
s p a c e c r a f t .  

An a n a l y s i s  was made o f  t h e  e f f e c t s  o f  a non-uniform 
a t m o s p h e r i c  d e n s i t y  on CMG b i a s  momentum accumula t ion  and RCS 
p r o p e l l a n t  e x p e n d i t u r e ;  t h e  e f f e c t  o f  d i f f e r e n t  a v e r a g e  atmos- 
p h e r i c  d e n s i t i e s  was a l s o  c o n s i d e r e d .  

For an  a v e r a g e  a tmosphe r i c  d e n s i t y  of' 4.5 x 1 0  -15 
I ^ .  3 s iugs / IT ; -  t h e  b ias  moment aceuiiiulatioii  i-esii l t ing fi-oiii a nzln- 

un i fo rm a tmosphere  was c a l c u l a t e d  t o  be  2 5 . 6  f t - lb -min/day  and 
t h e  a t t e n d a n t  RCS p r o p e l l a n t  e x p e n d i t u r e  r e q u i r e d  f o r  CMG 
u n l o a d i n g  i s  c a l c u l a t e d  t o  be 0.19 l b / d a y  a t  a s p e c i f i c  i m p u l s e  
of 275 s e c .  
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1.0 

MEMORANDUM FOR FILE 

I N T R O D U C T I O N  

I n  o r d e r  t o  de t e rmine  t h e  c o n t r o l  s y s t e m  t o r q u e  r e q u i r e d  
t o  m a i n t a i n  t h e  a t t i t u d e  o f  an o r b i t i n g  s p a c e c r a f t ,  t h e  e f f e c t s  o f  
b o t h  induced  and n a t u r a l  p e r t u r b a t i o n s  must b e  c o n s i d e r e d .  Induced  
p e r t u r b a t i o n s  can  i n c l u d e  t h e  f o l l o w i n g  f a c t o r s :  

A t t i t u d e  c o n t r o l  r e a c t i o n  j e t s  

C o n t r o l  moment g y r o s  ( C M G ' S )  

Momentum t r a n s f e r  w i t h i n  t h e  s p a c e c r a f t  ( a s t r o n a u t  
and mechan ica l  mot ion)  

S p a c e c r a f t  a tmosphere  lea-kage ,  APU e x h a u s t  , e t c .  

N a t u r a l  p e r t u r b a t i o n s  can  i n c l u d e  t h e  f o l l o w i n g  f a c t o r s :  

Aerodynamic f o r c e s  

Geometry and mass d i s t r i b u t i o n  o f  E a r t h  ( g r a v i -  
t a t  i o n a l  e f f e c t s  ) 

E f f e c t s  o f  o t h e r  s o l a r  sys t em b o d i e s  

* S o l a r  r a d i a t i o n  p r e s s u r e  

Meteo ro ids  

E l e c t r o m a g n e t i c  f o r c e s  

I n  low E a r t h  o r b i t s ,  t h e  most s i g n i f i c a n t  n a t u r a l  p e r t u r -  
b a t i o n s  r e s u l t  from aerodynamic and  Ea r th  non s p h e r i c i t y  e f f e c t s .  
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I f  t h e  s p a c e c r a f t  i s  non-symmetr ical ,  i t  w i l l  a l s o  b e  s u b j e c t  t o  
a g r a v i t a t i o n a l  t o r q u e .  T h i s  t o r q u e  i s  f u r t h e r  d i s c u s s e d  i n  
S e c t i o n  4 . 0 .  

T h i s  memorandum w i l l  c o n s i d e r  t h e  e f f e c t s  o f  a e r o -  
dynamic f o r c e s  on an  AAP-3/AAP-4 s p a c e c r a f t  i n  a low E a r t h  
c i r c u l a r  o r b i t .  The b ias  momentum accumula t ed  and t h e  
r e a c t i o n  c o n t r o l  s y s t e m  ( R C S )  p r o p e l l a n t  r e q u i r e d  t o  m a i n t a i n  
t h e  CMG equ ipped  s p a c e c r a f t  i n  an  i n e r t i a l  o r i e n t a t i o n  i n  a 
non-uniform a tmosphere  e x c l u d i n g  t h e  g r a v i t a t i o n a l  e f f e c t s  
w i l l  b e  de t e rmined .  The b i a s  momentum accumula t ion  and RCS 
p r o p e l l a n t  consumed for d i f f e r e n t  a v e r a g e  a t m o s p h e r i c  d e n s i t i e s  
c o n s i d e r i n g  t h e  a t m o s p h e r i c  "bulge" w i l l  be  d e t e r m i n e d .  

2 . 0  AERODYNAMIC FORCE 

The aerodynamic f o r c e  (FA)  a c t i n g  on a body i s  p r o p o r t i o n a l  
2 t o  t h e  p r o d u c t  of  t h e  dynamic p r e s s u r e  ( 5  V ) and t h e  s p a c e c r a f t  

p r o j e c t e d  c r o s s  s e c t i o n a l  a r e a  ( A ) .  The aerodynamic moment ( M A )  
i s  t h e  p r o d u c t  o f  t h e  aerodynamic f o r c e  ( 5  V2 C D A )  and t h e  normal  
d i s t a n c e  ( d )  f rom t h e  r e s u l t a n t  f o r c e  v e c t o r  t o  t h e  s p a c e c r a f t  
c e n t e r  o f  mass. 

where p i s  a t m o s p h e r i c  mass d e n s i t y ,  V i s  s p a c e c r a f t  v e l o c i t y ,  
and CD i s  drag c o e f f i c i e n t .  

may be c o n v e n i e n t l y  c o n s i d e r e d  as a r e s u l t a n t  aerodynamic f o r c e  
a c t i n g  a t  t h e  s p a c e c r a f t  c e n t e r  o f  p r e s s u r e  ( C P ) .  F o r  a body 
s u r f a c e  exposed  t o  a un i fo rm pressure f i e l d ,  t h e  CP o c c u r s  a t  
t h e  c e n t r o i d  of  t h e  p r o j e c t e d  area.  

The t o t a l  d i s t r i b u t e d  p r e s s u r e  a c t i n g  on t h e  s p a c e c r a f t  

3 .0  ATMOSPHERIC DENSITY 

S a t e l l i t e  o r b i t a l  o b s e r v a t i o n s  and d e t a i l e d  c a l c u -  
l a t i o n s  have conf i rmed t h e  e x i s t a n c e  o f  l a r g e  d i u r n a l  atmos- 
p h e r i c  d e n s i t y  v a r i a t i o n s .  F i g u r e  I shown t h e  d e n s i t y  
v a r i a t i o n  a t  500 KM; (1)(2) t h i s  c u r v e  shows a b u l g e  o c c u r r i n g  
i n  t h e  g e n e r a l  d i r e c t i o n  o f  t h e  Sun and l a g g i n g  t h e  Sun by 
a p p r o x i m a t e l y  30' e a s t e r l y .  The a t m o s p h e r i c  d e n s i t y  c u r v e  i s  
a l s o  s u b j e c t  t o  v a r i a t i o n  w i t h  changes i n  t h e  s o l a r  f l u x .  (2) 



t 
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The e x a c t  n a t u r e  of t h e  d e n s i t y  v a r i a t i o n  w i t h  chang ing  l a t i t u d e  
i s  n o t  known. If t h e  shape o f  t h e  d e n s i t y  c u r v e  a t  a g i v e n  
a l t i t u d e  i n  t h e  v i c i n i t y  o f  t h e  e q u a t o r  i s  as shown, e i t h e r  t h e  

"bu lge"  must f l a t t e n  o u t  as t h e  l a t i t u d e  approaches  90' n o r t h  
and s o u t h ,  o r  d e n s i t y  d i s c o n t i n u i t i e s  i n  t h e  v i c i n i t y  o f  t h e  
p o l e s  must e x i s t .  A r e a s o n a b l e  a s sumpt ion  i s  t h a t  t h e  b u l g e  
Occurs  i n  b o t h  t h e  l o n g i t u d e  and l a t i t u d e  d i r e c t i o n s .  

Fo r  t h e  pu rposes  of t h i s  d i s c u s s i o n  it w i l l  b e  assumed 
t h a t  t h e  a tmosphere  d e n s i t y  v a r i a t i o n  i s  as shown i n  F i g u r e  1 
for a l l  l a t i t u d e s  t ha t  t h e  AAP-3/AAP-4 s p a c e c r a f t  o r b i t  t r a n s v e r s e s .  
C o n s i d e r a t i o n  o f  d i f f e r e n t  a v e r a g e  d e n s i t i e s  a t  t h e  o r b i t a l  h e i g h t  
i s  accompl ished  by assuming t h a t  t h e  shape of  t h e  c u r v e  i s  
similar w i t h  changing  a v e r a g e  a tmosphic  d e n s i t y .  

4 . 0  SPACECRAFT ORIENTATION 

The AAP-3/AAP-4 m i s s i o n  i s  p r e s e n t l y  p l anned  t o  b e  flown 
i n  an  i n e r t i a i  mode w i t h  t h e  l o n g i t u d i n a l  S- IVB a x i s  (minimum 
i n e r t i a )  i n  t h e  o r b i t a l  p l a n e .  The ATM a x i s  i s  normal  t o  t h e  
s p a c e c r a f t  a x i s , a n d  sun  p o i n t i n g  i s  accompl ished  by  r o t a t i o n s  
abou t  b o t h  t h e  l o n g i t u d i n a l  a x i s  and an  a x i s  t h r u  t h e  CG which 
i s  normal  t o  t h e  o r b i t a l  p l a n e ,  

I f  t h e  s p a c e c r a f t  i s  s y m m e t r i c a l ,  t h e  p r o d u c t s  o f  i n e r t i a  
are  z e r o  and t h e  two t r a n s v e r s e  p r i n c i p a l  moments o f  i n e r t i a  a r e  
e q u a l .  With t h i s  s p a c e c r a f t  c o n f i g u r a t i o n  t h e  g r a v l t a t i o n a l  
t o r q u e s  w i l l  b e  z e r o  i f  t h e  l o n g i t u d i n a l  (minimum i n e r t i a )  a x i s  
i s  m a i n t a i n e d  i n e r t i a l l y  i n  t h e  o r b i t a l  p l a n e .  

Both t h e  magnitude and d i r e c t i o n  o f  t h e  aerodynamic 
f o r c e  and t o r q u e  a re  a f fec ted  by t h e  s p a c e c r a f t  o r b i t a l  
o r i e n t a t i o n  s i n c e  d i f f e r e n t  c r o s s  s e c t i o n a l  areas and moment 
arms can  be p r e s e n t e d  r e l a t i v e  t o  t h e  p r e s s u r e  f i e l d .  

If t h e  s p a c e c r a f t  m a i n t a i n s  a n  i n e r t i a l  o r i e n t a t i o n  
t h e  aerodynamic f o r c e  e x p e r i e n c e s  a c y c l i c  change from maximum 
t o  minimum e v e r y  90' o f  o r b i t a l  t r a v e l  as a consequence o f  t h e  
change of v e h i c l e  p r o j e c t e d  area i n  t h e  d i r e c t i o n  of t h e  v e l o c i t y  
v e c t o r .  The moment arm a l s o  e x p e r i e n c e s  a c y c l i c  change f rom a 
maximum t o  z e r o .  If t h e  CP i s  l o c a t e d  on t h e  a x i s  o f  minimum 
moment o f  i n e r t i a ,  ( symmet r i ca l  s p a c e c r a f t )  t h e  moment arm 
changes  from a maximum t o  z e r o  d u r i n g  t h e  same c y c l e  t h e  a e r o -  
dynamic f o r c e  i s  chang ing  from a maximum t o  minimum. The t o r q u e  
v e c t o r  a l s o  r e v e r s e s  d i r e c t i o n  e v e r y  180' o f  o r b i t a l  t r a v e l  a f t e r  
becoming z e r o .  
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If a s y m m e t r i c a l  v e h i c l e  i s  equ ipped  w i t h  CMG's o f  
s u f f i c i e n t  momentum s t o r a g e  c a p a c i t y ,  and t h e  a t m o s p h e r i c  
d e n s i t y  i s  c o n s t a n t ,  no RCS p r o p e l l a n t  w i l l  be  r e q u i r e d  t o  
m a i n t a i n  a n  i n e r t i a l  h o l d .  With t h i s  o r i e n t a t i o n ,  t h e  CMG's 
w i l l  e x p e r i e n c e  a c y c l i c  l o a d i n g  and u n l o a d i n g  d u r i n g  each  
o r b i t a l  p e r i o d .  I f  t h e  a t m o s p h e r i c  d e n s i t y  v a r i e s  d u r i n g  t h e  
o r b i t a l  t r a v e l ,  however,  a CMG momentum a c c u m u l a t i o n  w i l l  
o c c u r ;  Unloading t h e  CMG's w i l l  r e q u i r e  p e r i o d i c  RCS t h r u s t e r  
f i r i n g  w i t h  an  a t t e n d a n t  p r o p e l l a n t  weight  p e n a l t y .  

The a c t u a l  v e h i c l e  w i l l  o f  c o u r s e  n o t  be  symmet r i ca l  
( f i n i t e  p r o d u c t s  o f  i n e r t i a  and non e q u a l  t r a n s v e r s e  p r i n c i p a l  
i n e r t i a s )  by  v i r t u e  o f  i t s  complex geometry.  With t h e  a c t u a l  
c o n f i g u r a t i o n ,  a bias  momentum accumula t ion  which i n c r e a s e s  
w i t h  t i m e  i n  o r b i t  w i l l  occu r .  T h i s  e f f e c t  w i l l  n o t  be con- 
s idered  s i n c e  t h e  p u r p o s e  o f  t h e  memorandum i s  t o  i s o l a t e  t h e  
e f f e c t s  o f  t h e  non-uniform atmosphere on t h e  ' s p a c e c r a f t .  

5 .0  A N A L Y S I S  

If p = p ( 8 ) ,  A = A. c o s  e and d = do c o s  e where e 
i s  t h e  a n g l e  measured from some r e f e r e n c e  p o s i t i o n  when t h e  
p r o j e c t e d  area and t o r q u e  arm are maximums, t h e  change i n  
d i r e c t i o n  and magni tude  o f  moment i s  o b t a i n e d  from e q u a t i o n  
( 2 ) :  

if t h e  moment Mo i s  known at  eo, when t h e  p r o j e c t e d  area and 
t o r q u e  arm are maximums, e q u a t i o n  ( 2 )  may be w r i t t e n :  

T h i s  f u n c t i o n  i s  shown i n  F i g u r e  I1 where p = p (e) i s  t a k e n  

from F i g u r e  I. The a v e r a g e  moment r a t i o ,  (r) MA a c t i n g  o v e r  t h e  
0 



BELLCOMM, I N C .  - 5 -  

o r b i t a l  p e r i o d  can  be de te rmined  from t h e  a l g e b r a i c  sum of  
t h e  p o s i t i v e  and n e g a t i v e  areas  o f  F i g u r e  11. 
i s  w r i t t e n :  

I f  t h i s  a r e a  

t h e  ave rage  moment r a t i o  may b e  w r i t t e n :  

where t h e  n u m e r i c a l  v a l u e  i s  c a l c u l a t e d  from F i g u r e  11. 

A d e t a i l e d  c a l c u l a t i o n  shows a AAP-3/AAP-4 moment o f  

approx ima te ly  0 . 1  F t -Lb w i t h  an a t m o s p h e r i c  d e n s i t y  o f  8 .72 x 1 0  -15 
s l u g / f t 3 .  S i n c e  aerodynamic moment i s  p r o p o r t i o n a l  to d e n s i t y ,  
e q u a t i o n  ( 4 )  may b e  w r i t t e n :  

0.345 = 0.0356 [ -15) ,F t -Lb ,  ( 5 )  9 x 10 

0 . 1  P o  

-15 8.72 x 10 M A =  [ 
E q u a t i o n  ( 5 )  i s  c o n v e r t e d  to momentum accumula t ion  ( A H )  by  
m u l t i p l y i n g  by t i m e .  ( i . e .  t h e  number o f  minu te s  p e r  day )  

AH = 51.2 ( -15 ), Ft-Lb-Min 
9 x 1 0  Day 
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To d e t e r m i n e  t h e  weight o f  RCS p r o p e l l a n t  consumed 
p e r  u n i t  t i m e ,  t h e  bu rn  t i m e  (t,) of t h e  t h r u s t e r  p e r  u n i t  
t i m e  i n  o r b i t  must b e  e v a l u a t e d .  

(Fa) tb = MA ( 7 )  

Where F i s  RCS t h r u s t ,  ( 1 0 0  L b ) ,  and R i s  t h e  d i s t a n c e  from 
t h r u s t e r  c e n t e r  l i n e  t o  t h e  c e n t e r  o f  mass, ( a p p r o x i m a t e l y  2 9 . 2  
f t ) .  The R C S  t h r u s t  may b e  w r i t t e n  i n  terms o f  s p e c i f i c  impu l se  
( I  ) and p r o p e l l a n t  weight  f low r a t e  ( w ) :  

SP 

F = I  w 
SP 

Combining ( 7 )  and ( 8 )  and s o l v i n g  for p r o p e l l a n t  weight ( W )  
r e q u i r e d  p e r  day  

Using  minimum s p e c i f i c  impu l se  ( 1 3 0  s e c )  and E q u a t i o n  ( 5 )  

P Lb 

E q u a t i o n s  ( 6 )  and ( 1 0 )  are shown i n  F i g u r e  111. 

C O N C L U S I O N S  

The b i a s  momentum accu lumat ion  and RCS p r o p e l l a n t  r e q u i r e d  
t o  m a i n t a i n  t h e  AAP-3/AAP-4 s p a c e c r a f t  i n  a n  i n e r t i a l  o r i e n t a t i o n  
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c o n s i d e r i n g  o n l y  a non-uniform a tmosphere  are  p r e s e n t e d .  For 
e x p e c t e d  a v e r a g e  d e n s i t i e s  of 2 t o  6 x 1 0  -15 s l u g s / f t 3  t h e  b i a s  

Ft-Lb-Min and  t h e  r e q u i r e d  RCS momentum accumula t ion  i s  11 t o  34 
p r o p e l l a n t  i s  0 .18  t o  0 . 5 4  Lb/Day.  The RCS p r o p e l l a n t  consumption 
i s  c o n s e r v a t i v e  s i n c e  i t  i s  based upon t h e  minimum s p e c i f i c  
impu l se  b i t .  I n  p r a c t i c e ,  t h e  CMG's would be  un loaded  by 
c o n t i n u o u s  f i r i n g  o f  t h e  a p p r o p r i a t e  t h r u s t e r  u n i t s  u n t i l  t h e  
required c o u n t e r  momentum i s  g e n e r a t e d .  The r e q u i r e d  p r o p e l l a n t  
w e i g h t  w i l l  b e  l e s s  t h a n  t h a t  i n d i c a t e d  i n  e q u a t i o n  ( 1 0 )  by  t h e  

Day 

i ?n 
I . 3 U  f a c t o r  (F), where I 

SP 
i s  t h e  s p e c i f i c  impu l se  o v e r  t h e  unload-  SP 

i n g  t i m e  i n t e r v a l .  RCS t h r u s t e r  b u r n  t i m e  i s  shown t o  b e  1 .054  
) seconds  p e r  d a y  from e q u a t i o n s  ( 5 )  and ( 7 ) .  An -15 ( p  

thr12st.er hl-lrn time of 0;s sec/day; This hl-lrfl time yiel4.s a p r o -  

9 x 1 0  
a t m o s p h e r i c  d e n s i t y  of  4 .5  x 1 0  -15 s l u g s / f t  3 y i e l d s  an approx ima te  

p e l l a n t  s p e c i f i c  Impulse  o f  abou t  275 s e c .  T h i s  h ighe r  s p e c i f i c  
impulse i n d i c a t e s  a p r o b a b l e  RCS p r o p e l l a n t  consumption o f  
a p p r o x i m a t e l y  one h a l f  t h a t  i n d i c a t e d  by e q u a t i o n  ( 1 0 ) .  
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FIGURE 11 - TORQUE RATIO V S  ORBITAL ANGULAR POSITIOU 
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FIGURE 111 - RCS PROPELLANT & BIAS MOMENTUM ACCUMULATION FOR AAP-ATM INERTIAL 
HOLD & DIURNAL ATMOSPHERIC VARIATION @ 500 KM FOR AVERAGE DENSITY, 
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